A new method of synthesis of single phase ZrP 2 O 7 was studied using hydrothermal reaction of amorphous ZrO(OH) 2 with H 3 PO 4 and subsequent air calcination. The reaction steps to ZrP 2 O 7 were analyzed by means of XRD, TG/DTA and FT-IR. The hydrothermal reaction at 200°C for 18 h yielded well-crystallized tetraphosphate, Zr 3 (PO 4 ) 4 , loaded with unreacted H 3 PO 4 . Upon heating above 500°C, the mixture caused the stoichiometric reaction to form ZrP 2 O 7 , but impurities such as ZrO 2 and Zr 2 P 2 O 9 were not formed. TEM observation confirmed that ZrP 2 O 7 after calcination at 900°C consisted of crystallites in size of several ten nanometers.
Introduction
Metal phosphates are one of the widely studied materials due to their beneficial contribution in various fields of applications.
1)6)
Zirconium pyrophosphate (ZrP 2 O 7 ) is one of the binary compounds formed in the ZrO 2 P 2 O 5 system and is thermostable up to 1550°C with unusual thermal expansion behavior. 7)9) Because of its potential applications as a catalyst, a catalyst support, a host material for luminescence, a dielectric material and so on, 10) 15) the synthesis for each purpose is of practical importance. Conventionally, ZrP 2 O 7 has been synthesized by reacting ZrCl 4 with (NH 4 ) 2 HPO 4 at 900°C, 6 ) ZrO 2 and H 3 PO 4 at 1000°C, 16) and/or ZrOCl 2 and H 3 PO 4 at 1000°C for 12 h. 17) However, these hightemperature solid-state reactions require longer times and cause possible undesired products due to volatilization of phosphorus. To overcome these problems, Parhi et al. 18) recently studied the synthesis by solid-state metathesis under microwave irradiation. However, a high investment cost, a lack of uniformity in material heating, and difficulties of the large-scale equipment design are the main problems of practical application of microwave synthesis. We report here a new, simple and costless synthesis route of ZrP 2 O 7 by simple hydrothermal treatment and post air calcination. Powders of single phase ZrP 2 O 7 with a size of several ten nanometers were successfully obtained.
Experimental 2.1 Synthesis
The present synthesis route consists of three steps; i) preparation of zirconium hydroxide precursor, ii) hydrothermal reaction with phosphoric acid and iii) air calcination. First, aqueous ammonia solution (10 M) was added dropwise slowly to a solution of 0.2 mol zirconyl nitrate [ZrO(NO 3 ) 2 ·2H 2 O, Wako Pure Chemical Ind., Ltd., 99%] in 300 mL deionized water with vigorous stirring until pH of the solution reached 10. A white gel thus obtained was filtered by centrifugal separation and washed with distilled water several times and dried in air at 110°C for 12 h. The xerogel (3.5 g) was dispersed in 9.0 mL distilled water and stirred at room temperature for a half an hour. Then 5.8 g of H 3 PO 4 (85%, Wako Pure Chemical Ind., Ltd., 99%) acid was added drop wise slowly to this slurry and stirred 6 h. The mixture was transferred to an inner-lined stainless steel autoclave having a 50-mL Teflon vessel and heated at 200°C for 18 h without stirring. After cooling to room temperature, a white gel thus obtained was centrifuged, washed with deionized water and dried over night under vacuum. The dried product was finally calcined in air at elevated temperature for 5 h.
Characterization
Crystal phases were analyzed by powder X-ray diffraction (XRD) using monochromated Cu K¡ radiation (30 kV, 20 mA, Rigaku Multiflex). Chemical composition was determined by X-ray fluorescence (Horiba MESA-500W). TG/DTA profiles were obtained by the Rigaku 8120 instrument. During the heating at the rate of 10°C·min ¹1 , gaseous mixtures of 20% O 2 and N 2 balance were fed to the sample. FT-IR spectra were obtained on a Jasco FT-IR-610 spectrometer. Specific surface area of calcined products was calculated by BET method from N 2 adsorption isotherm measured at 77 K (Belsorp, Bel Japan, Inc.). Highresolution TEM observation was performed in a FEI TECNAI F20 electron microscope operating at 200 kV. Figure 1 shows XRD patterns of solids during three steps of preparation. First, an amorphous zirconium hydroxide was precipitated by adding aqueous ammonia to the solution of ZrO(NO 3 ) 2 2H 2 O (a). The composition of dried precipitates was estimated from the TG/DTA profile shown in Fig. 2 . The precipitate exhibited three steps of weight losses at¯215, 215 265 and 265500°C, which were assigned to desorption of adsorbed water, dehydration and dehydroxylation, respectively. Because the second and third steps gave an equivalent weight loss of about 11% corresponding to one mole H 2 O per Zr, a possible formula of the precipitated hydroxide is expressed as ZrO(OH) 2 ·H 2 O, which decomposes stepwise to ZrO(OH) 2 and then to ZrO 2 . A DTA profile [ Fig. 2(b) ] shows exothermic peaks at the end of second and third steps of weight losses as results of crystallization of ZrO(OH) 2 and ZrO 2 , respectively. The formation of ZrO(OH) 2 ·H 2 O could also be proved by FT-IR spectra [ Fig. 3(a) 4 [ Fig. 1(b) ]. The diffraction peaks of the tetraphosphate became less intense after calcination at¯500°C (c) and disappeared at the higher temperatures (df), followed by appearance of ZrP 2 O 7 at ²800°C. Finally, a single phase well-crystallized ZrP 2 O 7 was successfully obtained at 900°C (g), which remained unchanged after further calcination at 1200°C without forming impurity phases (h). Considering Zr 3 (PO 4 ) 4 as a sole hydrothermal product, it should yield an equimolar mixture of ZrP 2 O 7 and ZrO 2 according to the following reaction.
Result and discussion
This is not the case of the present preparation because diffraction peaks due to ZrO 2 were not observed after calcination at 1000°C. In addition, X-ray fluorescence analysis of the hydrothermal product suggested Zr/P ratio close to 0.5. It is therefore expected that the hydrothermal product contained an excess amount of phosphorus together with Zr 3 (PO 4 ) 4 .
Figures 3(b) and 3(c) shows the FT-IR spectra of the hydrothermal products before and after calcination at 900°C, respectively. The spectrum of the hydrothermal product (a) was characterized by absorption bands centered at 1050, 960, 600 and 530 cm ¹1 , which were assigned to orthophosphate (PO 4 ) species. However, a P=O peak at 1250 cm ¹1 and sharp hydroxyl band assigned to POH groups at around 3600 cm ¹1 suggested the presence of phosphoric acid (H 3 PO 4 ) or its partially dehydrated forms. The absence of bands assigned to NH 4 + at around 1400 cm ¹1 suggested that (NH 4 ) 2 HPO 4 was not included. On the other hand, the hydrothermal product after calcination (b) exhibited the PO stretching modes of pyrophosphate (P 2 O 7 ) in the 1250950 cm ¹1 region. The symmetric PO stretching vibrations were observed at 1127 and 1040 cm ¹1 , while the asymmetric stretching vibration was located at 1090 cm
¹1
. The mode at 745 cm ¹1 was assigned to the symmetric stretch mode of Absorbance / a.u. Fig. 3 . FT-IR spectra of (a) as precipitated zirconium hydroxide and hydrothermal product (b) before and (c) after heating at 900°C. TG/DTA measurements were applied to the hydrothermal product as shown in Fig. 4 . Two discrete weight losses are observed at¯200 and 450600°C, accompanied by endothermic peaks, which are associated with the dehydration of H 3 PO 4 and reaction from Zr 3 (PO 4 ) 4 to ZrP 2 O 7 , respectively. With these results taken into consideration, the formation of single phase of ZrP 2 O 7 would be expressed by the following two-step reactions.
ðpost-calcinationÞ
The first reaction under hydrothermal condition yields a single phase of Zr 3 (PO 4 ) 4 , which is loaded with excess H 3 PO 4 . The second reaction occurs between Zr 3 (PO 4 ) 4 and H 3 PO 4 during post-calcination. The calculated weight loss (6.4%) agreed with the experimental value (6.6%), which was observed at 450650°C in the TG profiles (Fig. 4) . However, considering the instability of H 3 PO 4 towards dehydration condensation above 200°C, Zr 3 (PO 4 ) 4 should react with the dehydrated form of H 3 PO 4 . Figure 5 shows TEM photographs of the hydrothermal product after heating at 900°C. The calcined product consisted of well-crystalliezed particles with the size of several ten nanometers, which were agglomerated in part to form large grains of few micrometers. The FFT image (c) taken from a single particle of a bright field image (b) is in accordance with diffraction spots for cubic ZrP 2 O 7 with the [1 11] zone axis. The crystal structure of ZrP 2 O 7 belongs to a cubic system (a = 0.8242 nm) with the Pa 3 space group. The structure can be described as a rocksalt (NaCl) analogue having Zr 4+ in the Na + positions and P 2 O 7 4¹ in the Cl ¹ positions. 19) Thermostability of ZrP 2 O 7 was examined by further calcining the solid in air at higher temperatures (Fig. 1) 4 , was loaded with a sufficient amount of unreacted H 3 PO 4 , the spontaneous formation of ZrP 2 O 7 took place upon heating at ²500°C without forming impurities. After calcination at 900°C, a single phase of ZrP 2 O 7 with a particle size of several ten nanometers was obtained successfully. 
